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I. TRANSGLUTAMINASES

Transglutaminases (TGases) are a peculiar family of enzymes that catal-
yse the post-translational modification of proteins either through protein
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cross-linking, via ε-(� -glutamyl) lysine bonds, or through the incorporation
of primary amines, at the level peptide-bound glutamine residues [1].

The cross-linked protein products become resistant to mechanical chal-
lenge and proteolytic degradation, their accumulation being found in a
number of tissues, including skin and hair, in blood clotting, and wound
healing [2].

In mammals, nine distinct TGases have been identified at the genomic
level [3]; however, to date, only six have been characterized at the pro-
tein level. These isoforms are the products of different genes that display
a wide structural homology and are members of the papain-like superfam-
ily of cysteine proteases [4]. The characterized enzymes include (1) the
plasmatic factor XIII, which is converted by thrombin-dependent proteol-
ysis into the active TGase enzyme, the factor XIIIA, which is involved in
the stabilization of fibrin clots and wound healing [5]; (2) the keratinocyte
or type 1 transglutaminase (TG1), which exists in both membrane-bound
and soluble form, requires proteolysis in order to be activated, and is also
involved in the terminal differentiation of keratinocytes [6, 7]; (3) the ubiq-
uitous “tissue” or type 2 transglutaminase (TG2) [8, 9]; (4) the epidermal/
hair follicle or type 3 transglutaminase (TG3), which, like TG1, requires
proteolysis and is involved in the terminal differentiation of keratinocytes
[10]; (5) the prostatic secretory or type 4 transglutaminase (TG4), which
is responsible for the formation of the copulatory plug and is essential for
fertility in rodents [11]; and (6) the type 5 transglutaminase (TG5), which
is involved in keratinocyte differentiation [12]. In tissues, the specific ex-
pression of the various isoenzymes is tightly regulated at the transcriptional
level [13, 14].

All members of the family, with the exception of the nonenzymic erythro-
cyte band 4.2 protein, possess a catalytic triad of Cys-His-Asp or Cys-His-
Asn. The first 3-D structural study on TGases, performed on the zymogenic
A subunit of plasma factor XIII, revealed that each factor XIIIA subunit is
composed of four domains: (1) N-terminal �-sandwich; (2) core domain,
containing the catalytic triad; (3) C-terminal �-barrel 1 and (4) C-terminal
�-barrel 2 (see Figure 1). These four domains’ organization is highly con-
served among all the TGase isoforms.

In addition to the well-characterized cross-linking enzymatic action,
some members of the TGase family participate in a vast array of biological
processes through actions not involving their transamidase catalytic activity
[9]. In fact, TG2 [15, 16], TG4 [17], and TG5 [18] are able to bind and to
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FIGURE 1. TG2 structure and domains. (A) Graphic representation of the four domains of
TG2. The following regions are highlighted: FN/integrin binding motif; BH3 domain; C277,
active site’s cysteine; NLS1 and 2, nuclear localization signals; Ca2+ binding motif; GTP
binding motif and relative binding impairing mutations (R478/580); and PLC� binding motif.
(B) It has been proposed that Ca2+ concentration may control the shift between the “open”
proapoptotic (high [Ca2+]) and the “closed” antiapoptotic (low [Ca2+]) conformations of TG2.
(See insert for color representation.)

hydrolyze GTP. The GTP binding causes a transition to a compact inactive
conformation of the enzyme, leading to the inhibition of its transamidating
activity (Figure 1) [19]. However, to date, only TG2 has been shown to
utilize this function as a high-molecular-weight G protein (Gh) involved in
signaling generated by certain G protein-coupled receptors [20]. TG2 has
also been reported to act both as a serine/threonine kinase [21–23] and as
a protein disulfide isomerase (PDI) [24, 25]. Finally, FXIIIA [26] and TG2
[27] also act as extra-cellular adaptor proteins to facilitate cell adhesion
to the matrix.

Deregulation of these enzymes is associated with a number of hu-
man diseases, including autoimmune diseases, cancer, infectious diseases,
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neurodegeneration, progressive tissue fibrosis, and diseases related to the
assembly of the stratum corneum of the epidermis of the skin [28].

A. TYPE 2 TRANSGLUTAMINASE

Tissue or type 2 transglutaminase (TG2) is the most ubiquitous member of
the TGase family. The human gene is localized in the chromosome 20q12 and
the mouse ortholog in the chromosome 2 [29, 30]. The human TG2 gene has
been shown to be 32.5 kb in size and contains 13 exons and 12 introns [31,
32]. The full length TG2 protein consists of 687 amino acids, with a predicted
molecular mass of about 78 kDa. This protein is present in all organs, due
to its constitutive expression in endothelial cells, smooth muscle cells, and
fibroblasts as well as in a number of organ-specific cell types [33, 34].

The structure of TG2 was resolved in a crystal complex with GDP [19];
similar to the other TGases, it showed the presence of four distinct domains
(Figure 1): (1) an N-terminal �-sandwich, bearing fibronectin and integrin
binding sites; (2) a catalytic core, bearing the catalytic triad for the acyl-
transfer reaction and a BH3-like domain; and finally, the two C-terminal
�-barrel domains-(3) C-terminal �-barrel 1, and (4) C-terminal �-barrel 2.
A unique guanidine nucleotide-binding site, which has not been found in
any TGase proteins, is located in a cleft between the catalytic core and the
first �-barrel. The sequence coding for this domain is located in the exon
10 of the TG2 gene and shows very poor sequence homology with the same
exon in the other TGases. The binding of GTP, but not that of Ca2+, proves
to be important for the stability of the enzyme’s conformation, suggesting
the molecular mechanism by which GTP inhibits TG2 activity. Accordingly,
the GTP–TG2 adopts a conformation that decreases the accessibility of the
protein matrix to the solvent, thus rendering the accessibility of the active
site more difficult [35].

The 3-D organization of the Cys277, His335, and Asp358 in the catalytic
triad is similar to that of thiol proteases, such as papain [36, 37], and con-
fers high reactivity to Cys277, which might form thioesters with peptidyl-
glutamine moieties of the protein substrates. This high reactivity of Cys277

has been employed to develop a wide range of active-site-directed irre-
versible inhibitors of the enzyme. In the absence of Ca2+, TG2 assumes the
basic latent conformation and the reactivity of Cys277 is decreased either by
hydrogen bonding, with the phenolic hydroxy group of Tyr516, or by for-
mation of a disulphide, with a neighboring cysteine residue, namely Cys336

[38]. It is worth noting that, the pro-apoptotic and pro-survival activities of
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TG2 are confined in discrete domains along the primary sequence of the
protein, suggesting a modular and independent phylogenetic evolution.

TG2 is located mostly in the cytosol, but is also found associated with
the inner face of the plasma membrane [15, 16], with nuclear membrane
[39], and in the mitochondria [40, 41]. In specific settings, the enzyme has
been detected in the extracellular matrix (ECM), or at the cell surface, in
association with proteins of the ECM [42, 43]. In particular, under patholog-
ical conditions, TG2 plays an important role in ECM stabilization, during
wound healing, angiogenesis, fibrosis, and bone remodeling [44]. The en-
zyme exerts this extracellular stabilizing function by forming complexes
with fibronectin and collagen [45], with �1/�3/�5 integrins [46], with the
heparan sulfate chains of the heparan sulfate proteoglycan receptor, with
syndecan 4 [47], or with the orphan G protein-coupled cell-adhesion recep-
tor GPR56 [48]. On the other hand, until today, no in vivo evidences of the
physiological role for the extracellular TG2 has been reported.

Inside the cell, TG2 is able to carry out three different enzymatic func-
tions in addition to its transamidase activity. These functions are (1) the
GTPase activity and its related intracellular G protein signaling, via cou-
pling to the �1�/�1�-adrenergic receptors [20], the TPA thromboxane A2
receptor [49], and the oxytocin receptor [50]; (2) the serine/threonine kinase
activity, with insulin-like growth factor binding protein (IGFBP)-3, p53,
or histones as substrates [21–23]; (3) the PDI activity [24, 25], for which
several mitochondrial substrates have been identified [40, 41, 51].

B. TG2 FUNCTIONS IN THE CELL

The various TG2 subcellular localizations as well as the large number of
identified protein substrates clearly imply the involvement of the enzyme
in multiple biological functions. In keeping with this assumption, studies
carried out in different cellular populations or under physiological vs. patho-
logical settings failed to provide a unique paradigm. In fact, while some cell
types (e.g., endothelial and smooth muscle cells) express constitutive high
level of TG2 protein [34, 52], other cell types showed an induction of the
enzyme as a response to the activation of distinct signaling pathways re-
lated to the induction of cellular stress, defence, and/or differentiation. In
fact, retinoic acid (RA), TGF�, NF-�B, and AP-responsive elements have
been identified in the regulatory region of the TG2 gene [53]. Neverthe-
less, the regulation of the various activities of the enzyme relies on multiple
heterogeneous factors. The role played by TG2 as a G-protein has been
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clearly described [54, 55] in the transduction of the signal from the seven
transmembrane-helix receptors to phospholipase C �-1 (PLC), which be-
comes activated after binding of GTP to TG2 [56]. Conversely, high Ca2+

levels might induce the release of the bound GTP/GDP molecule, inhibiting
signaling and promoting the transamidating activity. The interaction of TG2
with specific molecules (e.g., with sphingosylphosphocholine) might reduce
the Ca2+ requirement for the transglutaminase activity [57]. TG2 activity
may also be strongly influenced by nitric oxide: up to 15 of the 18 cysteine
residues can be nitrosylated and denitrosylated, in a Ca2+-dependent manner,
leading to the inhibition and the activation of the enzyme, respectively [58].

The calcium-activated form of TG2 allows the enzyme to interact and
modify major components of the cytoskeleton. Accordingly, after RA in-
duction, TG2 can modify RhoA, a member of Rho GTPases widely involved
in cytoskeletal modifications [59, 60]. These changes result in an increase of
the binding of RhoA to ROCK-2 protein kinase and in the autophosophory-
lation of ROCK-2. Such changes lead to phosphorylation of vimentin, which
causes stress fibers formation and increased cell adhesion. Moreover, TG2
can interact with beta-tubulin and with microtubule binding proteins, in-
cluding tau, which can be eventually cross-linked by the enzyme [61, 62].

Cytoskeleton proteins do not represent the only target of TG2 enzymatic
activity. An interesting aspect of action exerted by TG2 in the cell relies on
its ability to localize at different cell compartments. It has been proposed
that, under certain conditions, TG2 might translocate in the nucleus, through
its own nuclear localization sequences (NLS) (Figures 1 and 2) and with the
help of importin-�3 [63]. Once in the nucleus, TG2 might function either as
a G-protein or as a transamidase activated by nuclear Ca2+-signals, in order
to cross-link histones, retinoblastoma (Rb), and SP1 proteins [62, 64–66].
These observations support the hypothesis that TG2 might have a direct
role in chromatin post-translational modifications and/or gene expression
regulation [40, 41].

TG2 protein expression and activity has been shown to be induced in cells
undergoing apoptosis in vivo [67, 68]. Under physiological conditions, TG2
overexpression primes cells for suicide, while its inhibition, through several
strategies, results in decreased cell death [40, 69]. It has been reported that
the enzyme might sensitize cells towards apoptosis by interacting with
mitochondria and by shifting them to a higher polarized state [40, 41]. This
event triggers an alteration of the redox status that might provoke the acti-
vation of the TG2’s PDI activity. At the same time, the massive increase of
cytosolic Ca2+ concentration, observed during the later stages of apoptosis,
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FIGURE 2. TG2 exerts its proapoptotic function by acting on different protein substrates in
the cytosol, nucleus, and at mitochondrial level. (See insert for color representation.)

determines the switch of TG2 to its cross-linking configuration in all subcel-
lular compartments. This transition results in an extensive polymerization
of intracellular proteins, including actin, Sp1 and Rb, and the formation of
detergent-insoluble structures (Table 1) [67, 69, 70]. This protein scaffold
stabilizes the dying cell before its clearance by phagocytosis; thus prevent-
ing the release of harmful intracellular components and the activation of an
inflammatory or autoimmune response [62]. Under pathological conditions,
the death of cells expressing high amounts of TG2 may occur as a result of
a “mummification” event caused by an extensive cross-linking of cytosolic
proteins without signs of either apoptosis or necrosis [95].

II. CELL DEATH

The balance between cell proliferation and death allows multicellular or-
ganisms to model their shape during development and to maintain their
own homeostasis in adulthood. Cell death might be accomplished in var-
ious ways: apoptosis, autophagy-associated cell death, necrosis, mitotic
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TABLE 1
Proapoptotic Activity of TG2 in Cells and Tissues under Physiological and Pathological

Conditions

Cells/Tissue Stimulus Reference

Embryonic and adult tissues
Embryonic fibroblasts STS [40]
Periderm cells [71]
Thymocytes Various [72, 73]
Limb development [74, 75]
Erythrocytes Ca2+ [76]
Mammary gland Hormones [77]

Experimental settings
Striatal neurons Thapsigargin [78]
Macrophages RA [79]
Smooth muscle RA [80]
Hepatocytes/liver Ethanol [70]
Cardiomyocytes Ca2+ [81, 82]
Frog liver Hormones [83]
Keratinocytes Camptothecin [84]
Photoreceptors Light [85]
Hepatocytes Lead Nitrate [86, 87]

Pathological settings
Lymph nodes HIV [88, 89]
Encephalitis
Hippocampus Ischemia [90, 91]
Brain Huntington [92]
Myoenteric neurons Colitis [93]
Dopaminergic neurons Parkinson [94]

catastrophe, anoikis, excitotoxicity, Wallerian degeneration, and cornifica-
tion of the skin [96]. The end point of each of these processes consists in the
removal of the dying/dead cells from the living tissues through the action of
professional or nonprofessional phagocytes. This final process is of utmost
importance both for development and homeostasis of organisms as well as
for preventing the onset of autoimmune pathologies [97, 98].

During the last 20 years, most of the morphological and biochemical
aspects of apoptosis, necrosis, and autophagy-associated cell death have
been successfully characterized. Cell death by apoptosis is characterized by
well-defined morphological changes, such as plasma membrane blebbing,
chromatin condensation, nuclear fragmentation, and the final formation of
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the apoptotic bodies [99]. These drastic morphological changes are asso-
ciated with several biochemical ones, such as phosphatidylserine exposure
on the outer leaflet of the plasma membrane, changes in the mitochondrial
membrane permeability, and the release of the intermembrane mitochondrial
proteins [100]. All these changes lead to the activation of effector caspases
and caspases-activated DNase, which results in DNA cleavage [101]. These
events lead the cell to be dismantled and eliminated selectively, without
affecting tissue’s integrity.

Autophagy, originally described by Christian De Duve in 1966 [102, 103],
has been known to be a survival mechanism activated by cells subjected to
nutrients or growth factors deprivation. Autophagy allows cells to self-digest
their own macromolecules and organelles, through the activity of their
lysosomes, in order to recycle metabolites and provide a source of energy.
Nevertheless, autophagy is a tightly regulated process and the characteriza-
tion of the molecular players involved in its control and execution revealed
the existence of a complex cross talk between autophagy and apoptosis
[104]. In fact, under prolonged stress conditions, such as in neurodegen-
erative disease or cancer, autophagy might play a complex role as a death
process in itself or show features of apoptotic or necrotic cell death [105].

Necrosis is a process characterized by the swelling of the intracellular
organelles and the rupture of the plasma membrane. The release of prote-
olytic enzymes from lysosomes, together with the activation of intracellular
enzymes, leads to cell demolition. This event is associated with the release of
the intracellular material and, in most cases, with the onset of inflammation
processes [106]. Necrosis is usually considered a non-programmed form of
death, resulting from metabolic failure associated with a rapid depletion of
ATP, such as after ischemia and stroke. The alteration of the permeability of
cellular membranes results in an increased intracellular concentration of cal-
cium ions, which activate cellular proteases, such as calpains and cathepsins.
Intriguingly, if the calcium efflux crosses the plasma membrane, it might
trigger necrosis, while if the calcium comes from the endoplasmic reticulum
(ER), it might trigger apoptosis [107, 108]. ATP also plays a different role
in the two processes, as energy is necessary for the activation of various
apoptosis effectors (i.e., the apoptosome), while ATP depletion shifts cells
from apoptosis to necrosis. Accumulating evidence indicate that necrosis is
also more ordered, if not controlled, than was originally thought [107].

These three major and most characterized types of cell death are not
mutually exclusive. In fact, the type and intensity of the death signal, the
ATP concentration, the cell type as well as many other factors are all able to
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determine which type of death occurs and, eventually, the shift from necrosis
to apoptosis and vice versa [109]. In addition, the blockade of one of these
cell death pathways rather than preventing the destruction of the cell may
actually activate an alternative pathway [110–112]. This picture is supported
by the growing numbers of evidence involving protein factors, such as p53
and Bcl-2 family members, which are able not only to modulate the onset of
cell death but also to determine the cell’s choice between the various types
of death.

To date, more than 500 publications have shown that TG2 is involved
both in apoptosis and autophagy. The detection of the enzyme upregulation
is used as a marker of apoptosis for in vivo studies [113]. Although the
molecular mechanism(s) of its action is still lacking, it is clear that TG2
can play both pro- and anti-death functions, depending on the cell type, the
subcellular localization, and the type of the death stimulus. In general, under
physiological conditions, TG2 plays a proapoptotic function (see Table 1),
while, in highly transformed cells, it can also switch its activity toward cell
protective functions. It is not clear how this is possible and which of the
various TG2 activities and/or protein partners are involved in this prosurvival
action. Indeed, in some tumors, TG2 expression has been shown not only to
protect cells from death, but also to carry out a proapoptotic function (see
Table 2). This is probably due to the different cell clones derived from the
original tumor as well as to their adaptation to in vitro culture conditions
or to the apoptotic stimulus used (i.e., agents, concentrations, time frame,
etc.). An explanation for these controversial results could be found in the
recently described role played by TG2 in autophagy (see the “Autophagy”
section). In fact, it is well-established that autophagy can play an important
survival role in cancer cells, its downregulation constituting a new frontier
for cancer chemotherapy.

A. TG2 AS A PROAPOPTOTIC FACTOR

Apoptosis is a genetically programmed and controlled form of cell death,
accomplished through the activation of specific intracellular pathways in
response to various death stimuli. Two distinct but convergent pathways
have been extensively characterized: (1) the extrinsic and (2) the intrinsic
pathway [106]. The extrinsic or “death-receptor” pathway receives and de-
coys signals coming from outside the cell, through the activation of specific
plasma membrane proteins belonging to the tumor necrosis factor (TNF)
receptor family, the “death receptors.” The binding of the TNF ligand to its
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TABLE 2
Proapoptotic and Prosurvival Functions of TG2 in Cancer

Proapoptotic Antiapoptotic

Cells/Tissue Stimulus Reference Cells/Tissue Stimulus Reference

Breast cancer
(MDA-MB-231)

Calphostin C [114] Ovarian cancer various [115, 116]

Epithelial tumors Theophyllin [117] Caki TRAIL [118]
Pancreatic cancer A23187 [119] Ovarian cancer Cisplatin [120]
Myeloma RA [121, 122] Meningioma Radiation [123]
U937 RA [69] Glioblastoma BCNU [124]
Lung cancer IFN alpha [125] Pancreatic

cancer
(PDAC)

RA [126, 127]

Neuroblastoma RA [128, 129] Breast cancer Doxorubicin [130–132]
Carcinoma cells

(HeLa)
RA and

DFMO
[129] Nonsmall cell

lung cancer
Cisplatin [133]

Pancreatic
adenocarcinoma

RA [134] Neuroblastoma TNF alpha [135]

receptor triggers a conformational change in the receptor itself and induces
the intracellular recruitment of modulator proteins, such as FADD and c-
FLIP, which assemble to form the DISC complex at the cytoplasmic side
of the plasma membrane. The DISC complex is able to recruit and activate
caspase 8, which ultimately activates the executioner caspase 3 [136].

The intrinsic or mitochondrial pathway receives and decoys signals com-
ing from inside the cell, such as increased intracellular reactive oxygen
species (ROS), DNA damage, the unfolded protein response, and growth
factors deprivation. All these initiators lead to increased mitochondrial per-
meability and promote the release of proteins from the mitochondrial in-
termembrane space into the cytosol [100, 137]. The release of proapoptotic
factors (e.g., cytochrome c) and of antagonists of cytosolic antiapoptotic
proteins (i.e., SMAC/DIABLO) allows the activation of the APAF-1 com-
plex, which recruits and activates caspase 9. The two pathways converge,
since the activated caspase 8 and 9 in turn activate the executioner caspase 3,
6, and 7, which dismantle the cell by cleaving various protein substrates and
activate DNases [106]. The two pathways are not only convergent at the final
steps, but are also cross talking at mitochondrial level. It has been shown
that, death-receptors may activate the release of cytochrome c via the caspase
8-dependent processing of the proapoptotic BH3-only protein Bid [138].
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At once very delicate and highly coordinated, the regulation of these
pathways involves cellular organelles, such as mitochondria and the ER, as
well as specific protein factors, such as the members of the Bcl-2 family.
The proteins belonging to this family are characterized by the presence of
shared domains, the Bcl-2-Homology (BH) domains, which allow them to
interact both with each other and with other proteins, in order to modu-
late the permeabilization of the outer mitochondrial membrane [139, 140].
These proteins might then behave as pro- or anti-apoptotic factors, by acting
on mitochondrial and ER membranes [141]. During the last 5 years, the
characterization of a large number of proteins sharing homology with the
BH3 domain of Bcl-2 has greatly increased the number of the member of
the BH3-only protein family. All these newly discovered proteins can act as
inducers or sensitizers of apoptosis, even if normally they perform different
intracellular activities [142–146].

The initial observation that both TG2’s levels and activity were induced
during apoptosis, both in vitro and in vivo (see Table 1 and [52, 147]),
suggested a strong involvement of TG2 in cell death. An early hypothesis
postulated that the formation of highly stable cross-links between glutamine
and lysine residues of cellular proteins stabilized the dying cell and pre-
vented the release of the cytosolic components [67, 148]. The observed in-
duction of TG2 gene expression during apoptosis onset in vivo [53, 83, 149]
was coupled with in vitro observations of increased enzymatic sensitivity
[41, 128, 149] as well as protection [69] against apoptosis upon induction or
downregulation of TG2 expression, respectively. Such evidence, suggesting
the enzyme acting as a proapoptotic factor, was further supported by the dis-
covery that TG2 might localize on mitochondria where it could act both as a
BH3-only protein [51] or as a PDI [25, 40]. The BH3-only proteins belong
to the Bcl-2 family and might exert their proapoptotic activity by activating
Bax and Bak in order to induce the mitochondrial membrane permeabiliza-
tion. TG2 possesses a domain (Figure 1), which shares more than 70% of
homology with the consensus for the BH3 domain; it is through this domain
that the enzyme is able to interact with Bax and Bak, which might be favored
in their mitochondrial localization and proapoptotic activity (Figure 2). Ac-
tivation of the TG2’s cross-linking activity, upon apoptosis induction, results
in the TG2-dependent polymerization of these proapoptotic factors on the
mitochondrial outer membrane, as well as to a faster loss of the mitochon-
drial membrane potential and to the execution of the apoptotic program [51].
It has also been shown that the interaction of Bax with Adenine Nucleotide
Translocase 1 (ANT1), which represents an essential step in the opening of



P1: TIX/OSW P2: ABC
JWBS076-05 JWBS076-Toone August 1, 2011 20:46 Printer Name: Yet to Come

TRANSGLUTAMINASE 2 AT CELL DEATH/SURVIVAL CROSSROADS 209

the mitochondrial permeability transition pore, is largely reduced in MEFs
lacking TG2, thus resulting in the impairment of apoptosis [40]. Another
aspect of the complex interaction between TG2 and mitochondria that might
lead to a proapoptotic outcome, in drug-resistant cancer cells, is related to
the localization of nucleophosmin 1 (NPM1) in the cytosol. NPM1 gene mu-
tations causing aberrant cytosolic expression of nucleophosmin are the most
frequent genetic alteration observed in acute myeloid leukemia (AML), such
an alteration being found in about 30% cases. It has recently been shown
that NPM1 expression enhances the levels of p53 in the nucleus but reduces
p53 levels in mitochondria. It is well known that the presence of p53 in mi-
tochondria plays an important role in stress-induced apoptosis, suggesting
that NPM1 may protect cells from apoptosis, by reducing the mitochondrial
level of p53 [150]. Interestingly, it has been reported that NPM1 acts a
TG2 substrate [133], suggesting that TG2 can inhibit NPM1 accumulation
in the cytoplasm, through its polymerization, and thus protecting cells from
apoptosis, by reducing the mitochondrial level of p53 (Figure 2).

Another interesting finding is that TG2 might also localize in the
mitochondrial intermembrane space, where, through its PDI activity, it may
modify and stabilize the assembly and the activity of some members of the
respiratory chain complexes as well as of ANT1, in the inner mitochondrial
membrane [25, 40]. In fact, the ablation of the TG2 gene in mice leads to an
impairment of the respiratory complex chain coupled with a decrease in the
ATP production and an effect on the cell’s sensitivity towards death induc-
tion, dependent on the cell type and on the kind of death stimuli [151, 152].

Further important evidence, highlighting the proapoptotic function of
TG2 and its effect on mitochondria, has been reported in pancreatic ductal
adenocarcinoma (PDAC), a lethal malignant disease with poor long-term
survival rates. In these highly transformed cells, the activation of endogenous
TG2, by the calcium ionophore A23187, results in rapid and spontaneous
apoptosis, which is associated with the release of the apoptosis-inducing
factor (AIF). The translocation of AIF from mitochondria to the nucleus
leads to the execution of a caspase-independent form apoptosis [119].

The action exerted by TG2 at mitochondrial level highlights a more gen-
eral contribution of this multifunctional enzyme both to the maintenance of
mitochondrial physiology and to the modifications taking place during apop-
tosis onset and execution [147, 153]. This aspect is of potential relevance
in all those pathologies, such as neurodegenerative diseases and stroke, in
which the mitochondrial functionality plays a crucial role in the cell’s deci-
sion between survival and death. In addition, TG2 overexpression leads to
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the accumulation of ROS associated with a large depletion of GSH [41]. In
keeping with these findings, GST P1-1 acts as a very efficient TG2 substrate
both in cells and in vitro, and its TG2-dependent polymerization causes a
functional inactivation of the enzyme [62]. GSH depletion occurs during the
early phases of apoptosis and the functional inactivation of GST P1-1, by
TG2-catalyzed oligomerization, indicates a further potential proapoptotic
role for TG2 (Figure 2).

TG2 is largely localized in the cytosol at the level of the plasma mem-
brane, the cytoskeleton, the ER, and the mitochondria, although, depending
on cell type, a small amount of the enzyme is also present in the nucleus
[154]. It has been shown that both the intracellular localization and the acti-
vation of its transamidating activity are important factors in the modulation
of TG2’s effects on apoptosis induction (Figures 2 and 3). Transfection
of cells with cDNAs coding for wild type or mutant TG2, which lack the
transamidating activity and were targeted to different intracellular com-
partments, confirmed the proapoptotic nature of the cytosolic form of TG2.
Nevertheless, the nuclear localization of cross-linking-inactive TG2 reduced
apoptosis, thus indicating how the intracellular localization influences its
effect on cell death. Further evidence derives from the observation that the

High GTP level
Low Ca2+

Normal autophagy
Active mitochondria

Low GTP level
High Ca2+

Low autophagy
Damaged mitochondria

highTG2 low

DEATH

high TG2TG2 low

SURVIVALSURVIVAL DEATH

FIGURE 3. The pro-survival and pro-death features of TG2 rely on its localization in the
cytosol or in the nucleus.
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DAP-like kinase (DLK) undergoes TG2-dependent oligomerization in cells
treated with calphostin C [114, 155, 156]. DLK is a nuclear serine/threonine-
specific kinase, belonging to the subgroup of the mixed-lineage kinases
(MLKs). These proteins act as key regulators of the stress-activated c-Jun
N-terminal kinase (JNK) mitogen-activated protein kinase (MAPK) signal-
ing pathway. The induction of apoptosis by DLK requires its relocation
to the cytoplasm and its association with the actin cytoskeleton, which is
achieved through the interaction with the proapoptotic protein Par-4 [157].
DLK overexpression in neural cells and in sympathetic neurons induces
apoptosis via the mitochondrial pathway. Conversely, overexpression of a
dominant-negative form of DLK in the same cells prevents apoptosis, thus
indicating that DLK is involved in the control of cell death [158]. Inter-
estingly, the TG2-dependent oligomerization of DLK occurs early in the
apoptotic response and significantly enhances its kinase activity and conse-
quently its ability to activate the JNK pathway [114]. Moreover, functional
studies demonstrate that TG2-mediated oligomerization of wild-type DLK
sensitizes cells to calphostin C-induced apoptosis, while cross-linking of a
kinase-inactive variant of DLK does not [114]. These findings suggest that
TG2 proapoptotic activity is at least partially mediated by the oligomer-
ization and activation of the proapoptotic kinase DLK, which in turn will
activate the proapoptotic JNK pathway (Figure 2). Recently, it has been
shown that TG2 mediates alcohol-induced hepatocytes apoptosis in vivo by
cross-linking SP1 [70]. This TG2-dependent modification leads to SP1 in-
activation and results in a reduction of c-Met expression, which is required
for hepatocytes cell survival.

B. TG2 AS AN ANTIAPOPTOTIC FACTOR

TG2 acts as a proapoptotic factor under physiological conditions, during
both embryonic and adult life. Conversely, in transformed cells, the enzyme
can also play a dual role, acting as an antiapoptotic factor. This alternative
behavior has often been described in the same tumor type, such as neu-
roblastoma, pancreatic, and ovarian cancer. Such observations suggest that
the switch between the two opposite actions exerted by the enzyme might
be dictated by environmental as well as genetic background of the cell line
studied. Nevertheless, during recent years, various papers have reported the
ability of TG2 to perform as a G protein [20], as a kinase [21], and as a modu-
lator of the cell/ECM adhesion processes [159]. The prevalence of a specific
activity coupled with different localization, both inside and outside the cell,
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very likely account for the switch between pro- and anti-apoptotic functions
of TG2 [153, 154, 120, 160, 161]. This differential regulation of cell death
by TG2 is highly relevant in cancer (see Table 2), in which TG2’s antiapop-
totic activity might lead to the survival of cells that have to be eliminated by
the organism. Some clues about the possible mechanisms at the basis of this
prosurvival function of TG2 have been recently published [161–165]. We
first demonstrated that TG2 post-translationally modifies the Rb protein, an
important suppressor of apoptosis [66]. Recently, it has been proposed that
TG2/Rb interaction increases significantly, concomitant with an attenuation
of apoptosis. The TG2/Rb interaction is emerging as an important aspect
of the antiapoptotic effects of TG2. In fact, in cells undergoing apoptosis,
Rb is degraded by the action of caspases, this degradation proving to be
blocked when cells have been pretreated with RA, an important transcrip-
tional inducer of TG2 [166]. Experiments performed with Rb−/− fibroblasts
demonstrated that Rb is required for TG2 to exhibit antiapoptotic activity
in response to RA treatment. These results imply that the ability of TG2
to modify Rb represents a key step for TG2’s survival activity. It has also
been hypothesized that TG2 might protect tumor cells against apoptosis by
translocating into the nucleus. However, controversy remains as to whether
the transamidating activity of nuclear TG2 is required to bind and protect
Rb from the degradation occurring during apoptosis.

It has been shown that the exposure of TG2-expressing cells to the phos-
phoinositide 3-kinase (PI3K) inhibitor LY294002 reduces the ability of the
enzyme to bind GTP. This observation suggests that PI3K regulates the shift
between the transamidating and the GTP binding activity of TG2, thus in-
hibiting TG2’s cross-linking activity (Figures 1 and 3) [167]. These findings
imply that PI3K activity, a well-established cell survival factor, is required
for the modulation of the GTP binding activity of TG2. Accordingly, TG2
expression and its GTP binding activity prove to be very high in a number
of transformed cell lines. Interestingly, the switch between the prosurvival
TG2/GTPase and the proapoptotic transamidating activity can be influenced
by the Ras-ERK pathway [168]. These observations suggest that the TG2
pro- and anti-apoptotic conflicting functions may be regulated by confor-
mational changes of the protein. In fact, the binding of GTP can convert
the enzyme from an “open” cell death-promoting to a “closed” protein con-
formation able to provide protection against apoptotic stimuli (Figure 1).
This hypothesis has been supported by the observation that the expression
of full-length TG2 in tumor cells confers protection against cell death, while
the expression of a shorter version of TG2, truncated at the 3′ end and



P1: TIX/OSW P2: ABC
JWBS076-05 JWBS076-Toone August 1, 2011 20:46 Printer Name: Yet to Come

TRANSGLUTAMINASE 2 AT CELL DEATH/SURVIVAL CROSSROADS 213

unable to bind GTP, turns out to be cytotoxic [169]. The proapoptotic ac-
tivity of the short form of TG2 does not rely on its transamidating activity,
because the mutation of the cysteine 277 residue, essential for catalyzing
this reaction, does not compromise the ability of this short form of TG2 to
induce cell death. Notably, a shorter TG2 transcript, encoding for a trun-
cated form of TG2 (TGase-S), which shows strong proapoptotic activity, has
been identified from the brains of Alzheimer’s patients. This TGase-S ex-
hibits no detectable GTP-binding capability, further suggesting that TG2’s
ability to induce cell death is due to its inability to bind GTP. These re-
sults are particularly relevant considering TG2’s well-known involvement
in neurodegenerative diseases (see below).

III. AUTOPHAGY

Autophagy is the cellular metabolic pathway implicated in the recycling of
portions of cytosol as well as in the removal of superfluous or damaged
organelles. In addition to proteins, this transport route is uniquely able
to catabolize other cellular constituents such as lipids, carbohydrates, and
nucleic acids. This essential biological process occurs at a basal level in most
tissues and contributes to the routine turnover of cytoplasmic components
of the cell [170, 171]. However, it can also be massively induced by a
change in the environmental conditions or by cytokines and other signaling
molecules, to help the cell to adapt and/or cope with various physiological
and pathological situations [172]. Autophagy is very important for cellular
remodeling and development and is also involved in preventing ageing
and controlling cell growth [173]. Moreover, it plays an important role in
several human diseases, such as cancer, neurodegeneration (Huntington’s
diseases (HD), Parkinson’s diseases (PD), and Alzheimer’s diseases (AD)),
and muscular disorders [105, 174].

Autophagy is also used by cells to defend themselves from invasion
by pathogenic bacteria such as Mycobacterium tuberculosis, viruses such
as the Herpes simplex and the Tobacco mosaic viruses, and intracellular
parasites like Toxoplasma gondii [105, 175, 176]. Finally, autophagy may
play a controversial role as a cell death mechanism (i.e., type II programmed
cell death) and in some cases appears to be regulated in conjunction with
apoptosis [177, 178].

To date, three forms of autophagy have been defined, according to
how lysosomes receive the material to be degraded [106, 179]. In macro-
autophagy, a double membrane structure, called autophagosome, envelops
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the cargo and fuses with the lysosome (Figure 4). In microautophagy, the
lysosome directly engulfs the material by means of an invagination of the or-
ganelle’s membrane. In chaperone-mediated autophagy, heat shock cognate
proteins deliver the substrates to the lysosome. The most characterized form
of autophagy is macro-autophagy in which cells are characterized by the for-
mation of double membranes autophagic vacuoles, containing cytoplasmic
material (cytosol and/or organelles), which are then delivered to fusion with
lysosome, in order to achieve bulk degradation [180]. This process might oc-
cur in a generalized fashion; alternatively, it might target specific organelles,
such as mitochondria and ER, thereby eliminating supernumerary, outlived,
or damaged structures in the stressed cell [181]. Macro-autophagy’s initial
steps include the formation (vesicle nucleation) and the expansion (vesicle
elongation) of an isolation membrane, which is also called phagophore. The
edges of the phagophore then fuse (vesicle completion) in order to form the
autophagosome, a double-membraned vesicle that sequesters the cytoplas-
mic material. These steps are followed by the fusion of the autophagosome
with a lysosome, in order to form an autolysosome, where the captured
material, together with the inner membrane, is degraded (Figure 4).

Nutritional status, hormonal factors, and other cues such as temperature,
oxygen concentrations, and cell density are important factors involved in the
control of autophagy onset. At the molecular level, one of the key regulators
of the autophagy process is the target of rapamycin, mTOR kinase, this is the
major inhibitory signal that shuts off autophagy in the presence of growth
factors and abundant nutrients [182].

The class I PI3K/Akt signaling molecules link receptor tyrosine kinases
to TOR activation and thereby repress autophagy in response to insulin-
like and other growth factor signals [183]. Some of the other regulatory
molecules that control autophagy include 5′-AMP-activated protein kinase
(AMPK), which responds to low energy state; the eukaryotic initiation
factor 2� (eIF2�), which responds to nutrient starvation, double-stranded
RNA, and ER stress; the BH3-only proteins, which interfere with the Bcl-2/
Bcl-XL inhibition of the Beclin 1/class III PI3K complex; the tumor suppres-
sor protein p53; the death-associated protein kinases; the ER membrane-
associated protein Ire-1; the stress-activated kinase, c-Jun-N-terminal
kinase; the inositol–trisphosphate receptor; GTPases; Erk1/2; ceramide; and
calcium [184–187].

The characterization of autophagy at molecular level, extensively carried
out in yeast, revealed the existence of more than 20 genes, known as the ATG
genes, downstream of mTOR kinase. Those genes encoded evolutionarily
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conserved proteins essential for the execution of the autophagy process
[171]. These proteins include a protein serine/threonine kinase complex,
which responds to upstream signals such as mTOR kinase (Atg1, Atg13,
Atg17); a lipid kinase signaling complex, which mediates vesicle nucleation
(Atg6, Atg14, Vps34 and Vps15); two ubiquitin-like conjugation pathways,
which mediate vesicle expansion (Atg8 and Atg12); a recycling pathway,
which mediates the disassembly of Atg proteins from mature autophago-
somes (Atg2, Atg9, Atg18); and vacuolar permeases, which permit the efflux
of amino acids from the degradative compartment (Atg22).

In mammals, proper fusion with autophagosomes requires proteins that
act more generally in lysosomal functions, such as the lysosomal trans-
membrane proteins, LAMP-2, and CLN3. Accordingly, proper degradation
of the autophagosomal contents requires the activity of lysosomal cysteine
proteases and cathepsins B, D, and L.

The detection and manipulation of autophagy pathways has been greatly
enhanced by the identification of, first, the signals able to induce autophagy
and, second, the genes involved in carrying out this process. One of the
key events occurring in autophagy is the phosphatidyl-ethanolamine (PE)
conjugation of yeast Atg8 or mammalian LC3 protein. The result of this
reaction is a nonsoluble form of Atg8 (Atg8-PE) or LC3 (LC3 II) that
stably associates with the membrane of the autophagosome. This event
allowed researchers to detect the onset of autophagy either by assessing the
generation of Atg8-PE or LC3 II, on western blot, or by observing, with
fluorescence or confocal microscopy, the localization pattern of fluorescently
tagged Atg8 or LC3 [188]. These approaches must be coupled with ancillary
measures to discriminate between two physiologically distinct scenarios: (1)
the increased autophagic flux, without impairment in autophagic turnover,
versus (2) the impaired clearance of autophagosomes, which results in a
functional defect in autophagic catabolism.

On the other hand, autophagy can be pharmacologically induced by
targeting the following elements: (1) negative regulators of the process, such
as mTOR, with rapamycin [187]; (2) proteins involved in the autophagosome
formation, such as the class III PI3K, with 3-methyladenine; (3) the fusion of
autophagosomes with lysosomes, by inhibiting the lysosomal proton pump
with bafilomycin A1 or by decreasing the lysosomal protease activities with
NH4Cl that neutralize lysosomal pH [189].

Very little is known about the relationship existing between TG2 and the
execution/regulation of the autophagy process. Previous studies, carried out
in a mice model for Huntington’s disease (HD), suggested a possible involve-
ment of TG2 in autophagy associated with the neurodegenerative processes
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observed in this disease [92]. In fact, the analysis of brains belonging to
patients and animals suffering from CAG-repeat-based genetic diseases,
such as HD, revealed clear neurodegenerative features unassociated with
any hallmark of classical apoptosis [190, 191]. Degenerating neurons show
lysosome-associated responses, including induction of autophagic granules
and electron-dense lysosomes, thus indicating that mutated huntingtin can
induce autophagy. Therefore, autophagy could be the major route for the
clearance of intracellular misfolded protein aggregates that underlie these
neurodegenerative diseases. Analysis of the TG2−/−/HD transgenic mice
showed that HD onset is associated with a large reduction in nonapoptotic
cell death and with an increased number of nuclear protein inclusions, sug-
gesting an impairment in their clearance by means of autophagy [92]. In
keeping with this hypothesis, ablation of TG2 protein has recently been
shown to result in an evident accumulation of LC3 II on pre-autophagic
vesicles, pointing to a marked induction of autophagy [192]. By contrast,
the formation of the acidic vesicular organelles was very limited, as detected
by the lack of acidification of the autophago-lysosomes observed in TG2−/−

MEFs, after acridine orange staining. These findings suggest an impairment
in the autophagosomes maturation process. This conclusion is supported
by the fact that treatment of TG2 proficient cells with NH4Cl, in order to
inhibit lysosomal activity, results in a marked accumulation of LC3 II and
damaged mitochondria, as also observed in TG2−/− cells. It is well known
that autophagy plays a crucial role in the turnover of cellular organelles;
in particular, it has been proposed that autophagy selectively degrades dys-
functional mitochondria [193]. Taken together, these data indicate a role for
the TG2-mediated post-translational modifications of proteins involved in
the fusion between autophagosomes and lysosomes. In fact, a drastic reduc-
tion in the colocalization between autophagosomes and lysosomes has been
detected in TG2−/− cells, even in presence of the inhibitor of intralysosomal
protein degradation. It is worth noting that the inhibition of the transamidat-
ing activity of TG2, by means of the specific inhibitor R283 [194], results
in a marked decrease of the number of acidic vesicular organelles, possibly
highlighting the TG2’s cross-linking activity as an important player in the
autophagy pathway. In line with this finding is the use of a well-known
competitive inhibitor of transglutaminase, the autofluorescent compound
mono-dansyl-cadaverine (MDC), for in vivo labeling of autophagic vac-
uoles. MDC accumulates as a selective marker for autophagic vacuoles
under in vivo conditions and is not present in the early and late endosome.
Interestingly in this regard, the presence of a latent transglutaminase activity
in rat liver lysosomes has been reported [195].
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TABLE 3
TG2 Protein Substrates Involved in Autophagy (For reference go to

http://genomics.dote.hu/wiki/ [198].)

Regulatory Proteins Autophagy Substrates

TGF-beta Huntingtin
Bax Alpha synuclein
Rho A Ataxin 1
Bip Hsp 70
Sinapsin 1 Hsp 90
Rock Valosin-containing protein

Parkin
Ubiquitin
Phosphorylase kinase
Fructose 1,6-bisphosphatase
Phosphoglycerate dehydrogenase
GAPDH

The involvement of TG2 in autophagy has also been shown in highly
metastatic pancreatic carcinoma cells. In this cells, the inhibition of PKC-�,
by rottlerin, or the knockdown of TG2 protein, by siRNA, leads to the accu-
mulation of autophagic vacuoles in the cytoplasm and a marked induction
of LC3 II [196].

Although the molecular mechanism(s) by which TG2 can regulate au-
tophagy is not yet known, one attractive hypothesis is that this effect could be
exerted at the level of cytoskeleton (Figure 4). Indeed, TG2-dependent post-
translational modification of the cytoskeleton’s major components, such as
tubulin, actin, and vimentin, has been shown to be able to influence its reg-
ulation [8]. A functional cytoskeleton is of fundamental importance for the
proper intra-cellular traffic of the autophagic vesicles and for their fusion
with lysosomes. Accordingly, it has been shown that, in mammalian cells,
the disruption of the microtubule network results in a delay, rather than a
complete block, in the autophagy process [197].

Finally, it is relevant to note that several TG2 candidate protein substrates
(Table 3) have been shown to be enriched on the autophagosome membrane;
this provides further evidence that TG2-catalyzed post-translational modifi-
cations may have a role in the maturation of the autophagosomes [192].

IV. TG2 IN DISEASES

Considering the multifunctionality and the unique cellular biochemistry of
TG2, it comes as a surprise that homozygous deletion of TG2 does not result
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in an embryonic lethal phenotype [199, 200]. The homozygous null animals
are viable, of normal size and weight, and born with Mendelian frequency.
The most probable explanation for the lack of severe phenotypes is that other
TGs in mammalian tissues can compensate for the loss of TG2. However,
such compensation is partial, since the other mammalian TGs do not have
all the enzymatic activities carried out by TG2.

In line with this, several alterations have been detected in TG2−/− mice,
especially under stressful and pathological conditions. In fact, decreased
adherence of primary fibroblasts [200] and impaired wound healing, related
to altered cytoskeleton dynamics of fibroblasts, have been observed in these
mice, consistent with the suggested extra- and intra-cellular functions of
TG2. Moreover, when cell death is induced in TG2−/− mice, the clearance
of apoptotic cells by phagocytosis is defective in the thymus and liver and
both inflammatory and autoimmune reactions develop [201].

TG2-deficient mice also show glucose intolerance and hyperglycemia,
because of a reduced insulin secretion, a phenomenon similar to a subtype
of diabetes called MODY (maturity-onset diabetes of the young) [202]. Fur-
thermore, the ablation of TG2 in mice causes an increased vulnerability of
cardiomyocytes to ischemia/reperfusion injury [152]. This effect is associ-
ated with a decreased capacity of TG2−/− mice to synthesize ATP, due to a
reduced activity of mitochondrial complex I [151].

All the major human diseases are associated with dysregulation of path-
ways controlling cell death and survival. As previously described, apoptosis
and autophagy constitute the two processes through which superfluous,
damaged, or aged cells and/or organelles are eliminated. The functional re-
lationship between these two processes is highly complex. In fact, autophagy
constitutes a stress adaptation that in general avoids cell death, whereas in
different settings, it might constitute an alternative cell-death pathway [104].
Because of TG2’s involvement in these two basic cellular events, the enzyme
has been clearly implicated in the pathogenesis of a number of pathological
conditions, such as celiac sprue [203], neurodegenerative disorders [204],
diabetes [202], liver cirrhosis and fibrosis [205, 206], renal scarring [207],
and certain types of cancer [208].

A. INFLAMMATORY DISEASES

Many reports have shown that the expression of TG2 is increased in in-
flammatory diseases and/or autoimmune diseases [209]. Interestingly, both
apoptosis and autophagy have been shown to play an essential role in either
the pathogenesis or the response to these diseases. Results obtained in recent
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years have shown a participation of TG2 in these self-eating and self-killing
pathways, thus making TG2 a potential therapeutic target.

A characteristic feature of chronic inflammatory diseases is the persistent
presence of apoptotic cells resulting from impaired phagocytosis [210, 211].
It has been shown that the lack of TG2 function is associated with a defective
clearance of apoptotic cells. In fact, TG2−/− mice showed a significant per-
turbation in the phagocytosis of apoptotic cells. The long-term consequence
of the absence of the enzyme results in the development of splenomegaly,
autoantibodies, and glomerulonephritis [201]. Under physiological condi-
tions, macrophages play a pivotal role in both recognition and clearance
of apoptotic cells. An essential aspect of this process is the absence of an
inflammatory response [212]. The lack of TG2 results in an impaired ca-
pacity of macrophages to engulf apoptotic cells and also affects the release
of proinflammatory cytokine from macrophages, leading to an abnormal in-
flammatory response. Accordingly, both TGF-� and IL-12 regulations were
significantly altered in the TG2−/− mice [213]. These results help to explain
the autoimmune phenotype developed by these mice and suggest that TG2
is a key regulatory element of the anti-inflammatory features of apoptosis.
Indeed, it has been reported that the production of inflammatory cytokines
by macrophages requires the activation of the p38 MAPK pathway, in order
to promote the stability and availability of inflammatory cytokine transcripts
for translation [214, 215], whereas selective inhibitors of p38 MAPK prevent
proinflammatory cytokine release [216]. In keeping with these findings, it
is interesting to note that TG2 activity is required for the activation of p38
MAPKs. In fact, it has been shown that TG2 mediates the activation of
RhoA and MAP kinase pathways during RA-induced neuronal differenti-
ation of SH-SY5Y cells [60]. Consistent with these evidences, in TG2−/−

mice, the expression of both IL-12 and sTNF-RI is significantly increased.
Interestingly, the dysregulation of IL-12 has been described in a wide range
of autoimmune-prone mouse models such as the TG2 ones [217–219].

The recently discovered function of autophagy in the ATP-dependent
generation of engulfment signals and heterophagic removal of apoptotic
corpses [220], highlights the potential role for autophagy in the prevention
of inflammation and autoimmunity [174].

The inability to regulate inflammation is of great importance in the patho-
genesis of sepsis, during which dysregulated inflammatory processes might
induce organ’s impairment and death. The progress from the disease to septic
shock and death depends on a complex interaction of the inflammatory cas-
cades with several intracellular signaling pathways [221, 222]. Inflammation
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and apoptosis appear to be closely linked in the immuno-pathogenesis of
sepsis. Previously, it was generally thought that sepsis represented an unbri-
dled immune response with excessive cytokine production. Now, increasing
evidence suggest that extensive apoptotic death, leading to a depletion of the
cells of the immune system, weakens patient’s ability to eradicate infections.
Recent findings show that apoptosis of the parenchymal cells in the lung,
gut, and liver contributes substantially to the failure of these organs in re-
sponse to sepsis. Hopefully, therapeutic approaches, involving the inhibition
of the apoptotic processes, will prove capable of restoring necessary immune
functions and improving the chances to survive the septic insult [223, 224].
TG2 expression has been reported to be induced by LPS in several tis-
sues and organs [225–227]. TG2’s possible contribution to the pathological
inflammatory dysregulation occurring in septic shock has recently been in-
vestigated, demonstrating that TG2, acting at multiple levels, could be an
important factor in the mechanism through which sepsis develops [228].
Hence, TG2−/− mice displayed enhanced survival to LPS challenge, the
absence of TG2 being associated with profound reduction of the inflam-
matory response and attenuated organ damage. Although proinflammatory
mediator’s production is elicited in TG2−/− mice by LPS treatment, these
mice have the capacity to restore the initial equilibrium. Activation of the
nuclear transcription factor NF-kB plays a key role in the inflammatory pro-
cess by inducing the transcription of proinflammatory mediators [229]. This
activation is the result of phosphorylation and subsequent degradation of the
inhibitory factor I-kB�, induced by the I-kB kinase complex [230]. In wild-
type mice, TG2 expression is increased during endotoxemia and, being the
enzyme directly involved in the mechanisms of NF-kB activation through an
I-kB kinase independent pathway, which is mediated by the polymerization
of I-kB� [231], it may cause a continuous activation cycle in the inflamma-
tory process, thus contributing to the development of sepsis pathogenesis.
The increased survival of TG2−/− mice was also reflected in a drastic re-
duction of organ injury, which is characterized by a limited infiltration of
neutrophils, in the kidney and the peritoneum, and by a better homeostasis
of the proinflammatory mediators and of mitochondrial functionality [228].
In keeping with this assumption, it has been shown that the TG2 inhibition
switches off inflammation both in vitro and in vivo, in the homozygous
F508del-CFTR mice model for cystic fibrosis (CF). CF is a monogenic dis-
ease caused by mutations in the CF transmembrane conductance regulator
gene and characterized by chronic bacterial infections in the lungs and by in-
flammation. TG2 has been shown to be constitutively upregulated in CF and
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to play a key role in the onset of chronic inflammation [232, 233]. It has been
proposed that the persistent TG2 activation observed relies on the action of
the TG2-dependent SUMOylation of the protein inhibitor of activated STAT
y and thus to inhibition of TG2 ubiquitination and proteasome degradation.
This prevents peroxisome proliferator-activated receptor (PPAR) gamma
and IkB� SUMOylation, triggering NF-kB activation and an uncontrolled
inflammatory response [234]. These data suggested that TG2 might function
as a link between oxidative stress and inflammation, by driving the decision
as to whether a protein should undergo SUMO-mediated regulation or degra-
dation. Targeting TG2-SUMO interactions may represent a new option in
controling disease evolution in patients with CF and in other chronic inflam-
matory diseases. Indeed, the variety of TG2’s protein substrates and of the
biological functions it exerts inside the cell suggests the enzyme’s involve-
ment at different levels of the inflammation cascade (i.e., NF-kB activation,
cytokine homeostasis, mitochondrial function). In this picture, the devel-
opment of specific TG2 inhibitors could represent a novel approach in the
treatment of the inflammatory process with important clinical implications.

B. INTRACELLULAR PROTEIN INCLUSIONS-RELATED DISORDERS

A number of severe human diseases are associated with the presence of non-
correctly folded proteins that exhibit decreased solubility under physiolog-
ical conditions. These diseases result either from mutations, able to change
the amino acid sequence of a protein, or from misfolding of wild-type pro-
teins that cause the formation of nuclear and/or cytoplasmic aggregates of
stainable substances known as inclusion bodies.

1. Neurodegenerative Diseases

Accumulation of misfolded proteins in proteinaceous inclusions is a promi-
nent pathological feature common to many age-related neurodegenera-
tive diseases, including PD, AD, HD, and amyotrophic lateral sclerosis
(ALS) [235].

AD, the most common age-related neurodegenerative disorder, is as-
sociated with the selective damage of brain regions and neural circuits
including, but not exclusively, neurons in the neo-cortex, hippocampus,
and amygdala. Dysfunction and loss of neurons in these neural circuits
result in impaired memory, thinking, and behavior. Two major hallmarks
of AD pathology are extracellular neuritic senile plaques and intraneuronal
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neurofibrillary tangles. Senile plaques and neurofibrillary tangles are formed
by abnormally polymerized proteins in the brain, and both these lesions
are extremely insoluble structures. The purification and analysis of senile
plaques demonstrated that they are comprised of fibrils of the amyloid
�-protein (A�). A� is a 39–42 amino acid peptide derived from the proteol-
ysis of a larger transmembrane glycoprotein, the amyloid precursor protein
[236–238]. Neurofibrillary tangles are composed primarily of paired helical
filaments (PHFs) [239, 240]; a major component of the PHFs is the hyper-
phosphorylated form of the microtubule-associated protein tau [241–243].
It has been hypothesized that TG2 may be involved in the pathogenesis
of AD by facilitating the formation of one or both of these insoluble le-
sions. Biochemical and immuno-cytochemical assays have revealed TG2
expression in neurons of both normal and AD-affected elderly individuals
[244, 245]. Miller and Anderton investigated the possible role of TG2 in
the cross-linking of neurofilaments and extended the previous findings by
demonstrating that all three neurofilaments polypeptides are TG2 substrates
and can be cross-linked into insoluble, but nonfilamentous aggregates. Neu-
rofibrillary tangles’ major component is an abnormally phosphorylated form
of the microtubule-associated protein tau but not neurofilament; therefore,
it was hypothesized that the pathological aggregation of tau into insoluble
neurofibrillary tangles may be enzymatically facilitated by TG2. Accord-
ingly, several studies have demonstrated that tau is readily cross-linked by
TG2 [244, 246, 247].

HD is a dominantly inherited disorder characterized by a progressive
degeneration of motor neuron coupled to an impairment of coordination and
with variable mental syndromes [191]. The disease’s molecular basis relies
on the expansion of the CAG tri-nucleotide repeat in the gene encoding for
huntingtin (htt). This expansion leads to the presence of a stretch of poly-
glutamine in the expressed protein. In individuals not affected by HD, the
number of CAG repeats varies from 6 to 35, whereas lengths of 40 and over
invariably cause the onset of the pathology [248]; the longer is the repeat
the more severe are the patient’s clinical symptoms [249].

Several studies have proposed that HD might be caused in part by ab-
normal protein–protein interactions related to the elongated poly-glutamine
stretch of huntingtin. The presence of both neuronal intranuclear and cytoso-
lic inclusions, composed of mutant huntingtin, has been detected in brains of
both HD patients and HD animal models [250, 251], although it is not clear
whether such inclusions are harmful or beneficial gent [252]. Nevertheless,
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they are likely to play a role in the onset and progression of the disease
and a role for TG2 in their formation, growth and/or stabilization has been
proposed [253]. It has also been hypothesized that one of mechanisms for htt
aggregation is based on the action of TG2 on the expanded poly-glutamine
repeats, which might act as excellent glutaminyl-donor substrates for the
TG2-catalyzed cross-linking reaction [254]. On the other hand, the analysis
of a mice model derived by crossing HD R6/1 transgenic mice with TG2−/−

ones highlighted an increase in the formation of htt aggregates. The HD
R6/1/TG2−/− mice showed a reduction of neuronal cell death coupled with
a significant improvement in both locomotory performance and survival, as
compared with the HD R6/1/TG2+/+ [92]. This suggests that the involve-
ment of TG2 in the loss of neurons in HD is not related to the formation of
htt aggregates.

Although TG2’s role in the aggregate formation is yet to be fully es-
tablished, it is clear that TG2 could contribute to the pathogenesis of HD
through other mechanisms than the formation of aggregates. The interplay
between TG2 and some mitochondrial functions could be one of the mecha-
nisms involved in the pathogenesis of HD, although supporting evidence for
this hypothesis is still lacking. It remains the case that an impairment in the
mitochondrial function, which has been proposed as one of the pathological
mechanisms of HD, resulted in a significant increase of TGase activity in
situ [255]. In addition, it has been shown that TG2 might act as a “sen-
sitizer” towards apoptotic stimuli by modulating mitochondrial function
[41]. This evidence is also supported by the fact that the TG2−/− mice
showed a defect in the activity of the mitochondrial respiratory complex
I, this defect being partially compensated by an increase in the activity of
complex II [151].

Recent studies have proved that autophagy plays a protective role towards
the progression of HD, being the fundamental mechanism for removing pro-
tein aggregates [256]. The hypothesis that autophagy might contribute to the
pathogenesis of neurodegenerative diseases was initially supported by re-
ports demonstrating that autophagosomes accumulate in the brains of these
patients [187, 257]. In addition, studies on mice with cerebellar degenera-
tion, due to mutations in the glutamate receptor, suggested that autophagy
might be a mechanism of nonapoptotic cell death [258]. In contrast, more
recent studies provide compelling evidence that, at least in model organisms,
autophagy might be a protection mechanism against various neurodegen-
erative diseases and that the accumulation of autophagosomes represents
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the activation of autophagy as a beneficial physiological response or, as
in the case of AD, the consequence of a defect in the maturation of au-
tophagosomes. In this context, autophagy could be responsible not only for
the clearance of spontaneously generated misfolded proteins and for routine
protein turnover but it may also play an important role in the clearance of
aggregate-prone mutant proteins often associated with neurodegenerative
diseases. Normal protein turnover via proteasome requires the substrates to
be unfolded in order to pass through the narrow pore of the proteasomal
barrel. The bulk aggregates formed by poly-glutamine (poly-Q) expansion,
as in HD; mutant �-synuclein, as in familial PD; and different forms of
tau, including mutations causing fronto-temporal dementia [257] result to
be poor substrates for this degradation pathway and might be better targets
for autophagic degradation.

The mechanism by which these proteins exert their cellular toxicity is
still controversial, but it is generally believed that they are particularly toxic
in oligomeric complexes and that higherorder protein aggregates may be
formed as a last attempt to prevent toxicity, in the absence of a properly
functioning quality-control system [259].

Autophagy has fundamental functions in cellular homeostasis and its
modulation has been proposed as a therapeutic strategy for neurodegen-
erative diseases associated with aggregate formation, such as HD [187].
Considering that TG2−/− mice showed an inhibition of the maturation of au-
tophagolysosomes, the increased number of NII observed in the TG2−/−/HD
mice [92] is very likely explained by the inhibitory effect on autophagy pro-
gression caused by TG2 absence. Although the molecular mechanism(s)
by which TG2 can regulate autophagy is not yet known, the most plausi-
ble hypothesis suggests a possible effect at the level of cytoskeleton. Since
TG2 can post-translationally modify the major component of cytoskeleton
such as tubulin, actin, and vimentin and so deeply influence its regulation
[8, 59, 209], future studies should verify this hypothesis as well as identify-
ing other possible biochemical pathways by which the enzyme cross-linking
activity regulates autophagy.

2. Liver Steatohepatitis

Mallory body (MB) inclusions are a characteristic feature of several liver
disorders and share similarities with cytoplasmic inclusions observed in neu-
ral diseases and myopathies. MBs are composed mainly of keratins 8 and
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18 (K8/K18) and contain glutamine-lysine cross-links catalyzed by TG2. In
a mouse model of MBs, the inhibition of TG2, achieved by the use of the
specific inhibitor KCC009, causes a reduction of the 3,5-diethoxycarbonyl-
1,4-dihydrocollidine-induced liver enlargement, without affecting MB for-
mation or the extent of the liver injury. The observed hepatomegaly is due to
increased hepatocytes cell size rather than due to their proliferation [260].
Hence, once again, TG2 inhibition does not affect the MB formation, similar
to what has been reported for the NII in the HD/TG2−/− mice. However, in
clear contrast with these results, the inhibition of MB formation has been ob-
served in an experimental model based on the TG2−/− mice. Further studies
should clarify this controversial aspect of the problem.

It is important to note that a common feature of several liver disor-
ders (including alcoholic and non-alcoholic steatohepatitis) is the accumu-
lation of intra-cellular protein aggregates, which are known to be cleared
by autophagy. It has been observed that rapamycin treatment decreased the
number of inclusions significantly. Thus, TG2 inhibition associated with
autophagy provides a potential cellular approach for the resorption of cyto-
plasmic inclusions.

Recently, it has been shown that autophagy is involved in the normal
physiology of pancreatic � cells and thus in the maintenance of the glucose
homeostasis. Accordingly, Atg7 mutant mice develop impaired glucose tol-
erance and decreased serum insulin level [261]. Morphological analysis
of autophagy-deficient � cells in these mice revealed the accumulation of
ubiquitinated protein aggregates that colocalize with p62. These features
associate with mitochondrial swelling and vacuolar changes [262]. Given
that TG2−/− mice develop a type II diabetes syndrome [202], it would be
worth to investigate the involvement of TG2 and autophagy induction in the
onset of this disease.

3. Cardiac Diseases

Constitutive autophagy plays an important role in the maintenance of cel-
lular homeostasis in the heart, whereas unrestrained autophagic activity
accentuates the maladaptive cardiac remodeling in response to stress (e.g.,
hypertension) and may contribute to heart failure [263]. Recent reports
demonstrate that multiple forms of cardiovascular stress, including pres-
sure overload, chronic ischemia, and infarction-reperfusion injury, lead
to an increase of autophagy in cardiomyocytes [264–266]. In this re-
gard, an accumulation of autophagosomes has been detected in biopsies of
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cardiac tissues belonging to patients suffering from these cardiac diseases,
as well as in rodent models and isolated stressed cardiomyocytes [267, 268].
Since cardiac myocytes are terminally differentiated cells, the role of au-
tophagy is essential for maintaining the homeostasis of the myocardium.
Autophagy supplies nutrients for the synthesis of essential proteins dur-
ing starvation and thus helps to extend cell survival. Under pathological
settings, protein aggregation occurs in the heart in response to hemo-
dynamic stress, putting pressure-overload heart disease in the category of
proteinopathies [269]. Protein aggregation is the trigger of cardiomyocyte
autophagy, which functions to attenuate aggregate/aggresome formation
in the heart [270].

It has been recently shown that angiotensin II increases autophagosome
formation, via the angiotensin II type 1 (AT1) receptor, and that, in neonatal
cardiomyocytes, this response is constitutively antagonized by the coexpres-
sion of the angiotensin II type 2 (AT2) receptor [271, 272]. Interestingly, TG2
cross-links the carboxyl-terminal tail of the AT1 receptor and the so-formed
receptor dimers display enhanced signaling as well as desensitization both
in vitro and in vivo [273].

The heart consumes more energy per gram of tissue than any other organ
in the body; thus the most common cardiac disorders (e.g., cardiac ischemia
and heart failure) are characterized by a reduction in the availability of energy
substrates, a factor that contributes to transient or sustained impairment of
cardiac function. Furthermore, when cardiac stresses are sustained for long
periods of time, myocytes remodel their cellular architecture (e.g., undergo
elongation and hypertrophy) in order to adapt to stress. It has been hypoth-
esized that, when the heart is under stress, its need for more energy and for
cellular remodeling could be met, at least partly, by via activation of the
autophagy pathway. In keeping with this hypothesis, cardiac-specific defi-
ciency of Atg5, early in cardiogenesis, results in no phenotypic abnormality
under basal conditions; instead, after treatment with pressure overload or �-
adrenergic stress, severe cardiac dysfunction becomes evident. Interestingly,
the stimulation of the �(1)-adrenoreceptor in cardiac myocytes prompts the
appearance of a hyper-trophic phenotype [269].

Ablation of TG2 in mice has been shown to cause an increased vul-
nerability of cardiomyocytes to ischemia/reperfusion injury. This effect is
associated with a decreased capacity of TG2−/− mice to synthesize ATP,
due to both a reduced activity of mitochondrial complex I and to defects
in the functions of the ATP/ADP transporter [40, 151, 152, 153]. Taking
into account the role played by TG2 in the autophagosome formation,
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it is tempting to hypothesize that the vulnerability displayed by the car-
diac muscle of the TG2−/− mice could be due not only to their congenital
mitochondrial defects, but also to an impaired autophagic response to cel-
lular stress [274].

V. CONCLUSIONS

Despite the extensive research carried out to date, the comprehension of
the physiological role played by TG2 remains largely unknown as does the
significance of the post-translational modifications of its protein substrates.
This review offers further compelling evidence that under physiological and
pathological circumstances, the enzyme is mainly involved in the regulation
of cell death. Accordingly, it seems clear that under physiological settings
the up-regulation and the activation of TG2 are associated with the induction
of apoptosis. On the other hand, in pathological conditions, such as in can-
cer cells, the enzyme may act both as a pro-survival and a pro-death factor,
depending upon the cell type and/or its subcellular localization (Figure 3).
In addition, a deregulation of TG2 has been proposed as playing a major
role in various diseases, including cardiomyopathy, hepatitis, diabetes, and
neurodegenerative disorders. A common feature of all these pathologies re-
lies on the accumulation of misfolded proteins in proteinaceous inclusions.
It has become increasingly evident that, in all these disease, the affected cell
activates autophagy in order to eliminate these large protein aggregates. It is
worth noting that several TG2 candidate protein substrates have been shown
to be enriched on the membrane of the autophagosomes (Table 3). These
findings, taken together with the blockade of the autophagosome matura-
tion observed in the TG2−/− mice, support TG2’s involvement in the final
process of the autolysosomes maturation in multiple ways. Future studies
should address the different controversial points in order to establish whether
TG2 could indeed be used as a target for treatment of the abovementioned
degenerative diseases.
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